What this study adds
====================

This prospective study involves children who had been exposed to high concentrations of inorganic arsenic in drinking water in utero and early life. We previously assessed them at 7--17 years of age and found increased chronic respiratory symptoms. In this article, we report our findings when they were 14--26 years of age in what is the first study to assess adolescents and young adults following early life exposure to arsenic. Pronounced respiratory effects were still present in males but had largely disappeared in females. Mechanisms for the marked male female differences warrant further investigation.

Introduction
============

Arsenic in drinking water has been linked to various nonmalignant respiratory illnesses. Several studies in adults have suggested an increased risk of respiratory symptoms and diseases including impairment of lung function following chronic exposure to inorganic arsenic.^[@R1]--[@R6]^ Long-term exposure to inorganic arsenic has been found to be associated with increased risk of respiratory symptoms such as chronic cough, dyspnea and breathlessness and the relationships were dose-dependent.^[@R7]--[@R10]^ A cross-sectional study in Bangladesh found a greater risk of chronic bronchitis with added sounds in chest among people having arsenic-induced skin lesions compared with people without these lesions.^[@R11]^ Excess mortality from nonmalignant lung disease has been reported recently for the same cohort with the highest exposure group having a 75% increased risk of mortality compared with the lowest exposure group.^[@R12]^ Several studies have also observed declines in lung function following exposure to arsenic via drinking water.^[@R13]--[@R15]^

There is growing evidence that early life arsenic exposure has profound health effects in later life. Arsenic readily crosses the placenta in human beings.^[@R16]^ Exposure to arsenic in utero and early childhood resulted in increased mortality among young adults 30--49 years of age from lung cancer and bronchiectasis in Chile. For those born during the high arsenic exposure period 1958--1970, the standardized mortality ratios (SMRs) for lung cancer and bronchiectasis were 6.1 (95% confidence interval \[CI\] = 3.5, 9.9; *P* \< 0.001) and 46.2 (95% CI = 21.1, 87.7; *P* \< 0.001), respectively.^[@R17]^ A recent study in Chile revealed increased incidence of lung cancer following arsenic exposure and the association was strongest in younger adults exposed to arsenic in early life.^[@R18]^ Lung cancer is considered the major long-term cause of death following exposure to arsenic in drinking water.^[@R19],[@R20]^ Exposure to arsenic in prenatal life and early childhood via drinking water in Chile was also found to be associated with reduced lung function in a study following early life arsenic exposure.^[@R21]^ A study following *in utero* arsenic exposure in Bangladesh found evidence of reduced lung function and airway inflammation at age 9, mainly in boys.^[@R22]^

While there is considerable evidence that early life arsenic exposure increases lung disease in adults, only limited information is available on pulmonary effects in children themselves before adulthood. A study in Antofagasta, Chile, in the 1970s reported reduction in prevalence of respiratory symptoms in children after reduction in water arsenic concentrations.^[@R23]^ In utero and early life exposure to arsenic has also been found to be associated with increased risk of respiratory infections in infants.^[@R24],[@R25]^ Few studies have investigated arsenic exposure during fetal development and early life on respiratory consequences in infants and children. Evidence suggested that early life arsenic exposure resulted in long-term nonmalignant pulmonary diseases in adults^[@R26]^ and much later in life^[@R27]^ as indicated by increased mortality from bronchiectasis and lung cancer, in adults.^[@R17]^ So far, no study has followed children with well-documented early life arsenic exposure to assess long-term health consequences in the later part of childhood and as young adults. We were the first to follow a cohort with high arsenic exposure in early life and assess respiratory and other health effects in children, then 7--17 years of age.^[@R28]^ We now further assess these same children at 14--26 years of age.

Methods
=======

Since 1966, the International Centre for Diarrheal Disease Research, Bangladesh (icddr,b) has been maintaining an internationally recognized and unique Health and Demographic Surveillance System (HDSS) in 142 villages in Matlab, a Sub-district of Bangladesh. Vital events including birth, death, marriage, and in and out migration, are recorded by household visits every 2 months. In 2002--2003, icddr,b conducted a population-based survey of all 220,000 Matlab residents, documenting the residential tubewell history of each individual over the age of 5 at the time. Tubewells near residences were the main source of drinking water in these communities. Moreover, arsenic measurements were conducted in 2002--2003 for all 13,286 tubewells in operation in the Matlab area. In our first study of early life arsenic exposure in this population, 650 potential participants born between 1991 and 2002 were selected using the population survey database of 220,000 residents in the sub-district of Matlab. Half of them were selected because they had the highest recorded tubewell water arsenic concentrations in the homes where they were born, and the other half were selected because they had the lowest tubewell arsenic concentrations in the homes where they were born.^[@R28]^

In the earlier study, we were able to locate and obtain maternal exposure data during pregnancy and assess respiratory symptoms for 571 of the 650 when they were in the age range 7--17,^[@R28]^ and they constitute the target for this follow-up study. We visited the households of potential participants for the follow-up. We found that 27 were known to have moved out of the Matlab district,17 declined to participate, and 64 could not be located and we have no information about them. In the end, in total 463 participants were included in the current follow-up study when they were in the age range of 14--26 (Figure [1](#F1){ref-type="fig"}). Of them, 235 and 228 children participated in the exposed and unexposed cohorts, respectively. Among the 235 exposed children, 135 were in the high exposure (400+µg/L) group, and 100 in the medium exposure (10--400 µg/L) group. The questionnaires were revised to record information of the new houses, schools, and work places and their water sources, and also new water sources of the previous homes and the schools.

![Flow chart of the study participation.](ee9-4-e089-g001){#F1}

Assessment of respiratory and other medical illnesses
-----------------------------------------------------

Detailed histories of respiratory symptoms and disorders including wheezing, asthma, pneumonia, and tuberculosis since our last visit between 2008 and 2010 were taken. Ever and current wheezing (i.e., wheezing in the last 12 months), and asthma were assessed based on the core questionnaire of the International Study of Asthma and Allergy in Childhood (ISAAC), a validated tool used for the assessment of asthma symptoms in children worldwide.^[@R29],[@R30]^ Cough and phlegm, shortness of breath, and family history of asthma were obtained according to an ISAAC supplementary questionnaire^[@R31]^; <http://links.lww.com/EE/A76>. Two trained physicians asked the questions in a structured interview.

Anthropometric and lung function measurement
--------------------------------------------

Height and weight were obtained for all participants before testing lung function. Standing height was measured to the nearest of 0.1 cm and weight was measured using a bathroom scale to the nearest of 100 gm. Lung function was measured with the EasyOne spirometer (NDD Medical Technologies) which has been used successfully in many studies^[@R13],[@R21]^ including our previous one with the same children in Bangladesh.^[@R28]^ It is a handy, portable spirometer that uses ultrasound to measure airflow. The measurement is independent of gas composition, pressure, temperature, and humidity, and eliminates errors due to those variables making it suitable for the hot and humid conditions in Matlab. After explaining the procedure and demonstrating it, subjects were asked to blow out forcibly as hard as possible through the disposable mouthpiece in the standing position without using a nose clip. The procedure was repeated on average four times in order to produce smooth, reproducible curves that meet American Thoracic Society criteria.^[@R32]^ Spirometry was conducted by a physician with extensive experience administering spirometry on children. Lung function parameters, primarily forced vital capacity (FVC), FEV1 (forced expiratory volume in first second), and FEV1/FVC ratio, were recorded. Spirometry measurements were obtained for 463 participants without use of bronchodilators. The quality was excellent with grade A being achieved for 95% (440 participants) and grade B for 5% (23 participants). No tests were graded C--F. All the spirometry results were used in the analysis. In addition, lung function data were reviewed by our pulmonologist co-investigator (Professor John Balmes).

Because of the gender differences we found with respiratory effects now confined to males, we identified gender difference reported in other studies of respiratory effects associated with exposure to inorganic arsenic in water above 50 µg/L. We also assessed gender differences in published studies of arsenic-caused skin lesions, since this is a useful marker of the effects of exposure to arsenic in drinking water. Finally, we identified studies of arsenic methylation as a potential explanation of the gender differences. Inorganic arsenic is first mono-methylated to monomethylarsonic acid (MMA) the trivalent form which is highly toxic, and one possibility was that the preponderance of some arsenic effects in males could be due to more arsenic remaining as MMA in males compared with females, and not being further methylated to less toxic dimethylarsinic acid (DMA).

Ethical considerations
----------------------

The institutional review boards of the University of California, Berkeley and icddr,b approved the study. Informed consent was obtained from parents and young adults over 18 years of age and assent was obtained from children 14--17 of age.

Data analysis
-------------

Univariate analyses were conducted to evaluate the differences in general characteristics and socio-demographic factors between the low and high exposed cohorts. We performed Fisher's exact test to compare the dichotomous respiratory symptoms between the cohorts separated by sex. Logistic regression analysis was used to assess the relationship of each respiratory symptom with arsenic water concentrations initially adjusting for age and gender, and then for each gender separately. Children exposed to \>400 µg/L in early life (high exposure) and 10--400 µg/L in early life (medium exposure) were compared with children exposed to \<10 µg/L in early life (low exposure). Because of the pronounced gender differences found, results are presented for each gender separately. Variables adjusted for were age, body mass index (BMI), smoking (self and father), and number of rooms in the house. No female participants or mothers reported smoking. Multiple linear regression analysis was used to assess the association of water arsenic concentration with FEV1 and FVC. First, age, sex, and height were included in the linear regression model. Then more analyses were conducted adjusted for age, height, weight, smoking (self and father), and number of rooms in the house. In view of the clear direction of the hypothesis that there might be increased risks of respiratory effects associated with exposure to arsenic in drinking water, *P*-values reported are one-tailed. All CIs are 95%.

Results
=======

A total of 463 subjects 14--26 years of age participated in this study. The mean age was 18.1 years. Table [1](#T1){ref-type="table"} presents socio-demographic characteristics of the study subjects. Among the participants, 135 (29.2%) were exposed to high arsenic concentrations in early life (\>400 µg/L), 100 (21.6%) were exposed to medium arsenic concentrations (10--400µg/L) and 228 (48.2%) were exposed to low concentration of As (\<10µg/L). Of the total 463 subjects, 229 (49.5%) were males and 234 (50.5%) were females. Participants below the age of 17 years were more likely to have been exposed to high arsenic concentration compared with the 22--26 years age group (46.7% vs. 14.1%). Participants with more educated fathers were found to have used lower arsenic concentration water in early life. The proportion of fathers who smoked was about the same in the low exposure participants compared with those highly exposed (61.8% compared with 62.2%). Respondents residing in higher quality type houses had similar exposure patterns as those in low quality mud houses. The number of rooms in the house as an indicator of socioeconomic status also had a little relationship with exposure. Other factors including BMI and respondent's educational status were similar across the exposure groups.

###### 

Socio-demographic characteristics of study participants (total n = 463)

![](ee9-4-e089-g002)

Odds ratios (ORs) for respiratory symptoms are shown in Table [2](#T2){ref-type="table"} for males and in Table [3](#T3){ref-type="table"} for females. After adjustment for age, BMI, self, and father's smoking status and rooms in the house, the OR for dry cough in the last 12 months in males in the high exposure cohort was increased (OR: 2.36, 95% CI = 1.21--4.63, *P* = 0.006). Other symptoms for highly exposed males were also markedly increased including woken up with shortness of breath (OR: 1.71, 95% CI = 0.90, 3.24, *P* = 0.05) and shortness of breath when walking on level ground (OR: 2.21, 95% CI = 0.86, 5.67, *P* = 0.05). Asthma was also markedly increased in highly exposed males (OR: 2.51, 95% CI = 1.19, 5.29, *P* = 0.008). There were 86 male participants who reported smoking, but the respiratory symptom findings were similar for smokers and nonsmokers (see Supplementary material; <http://links.lww.com/EE/A76>). Thus, there was no evidence of synergy of arsenic exposure with smoking.

###### 

Results from multivariate logistic regression analysis of respiratory symptoms and arsenic exposure in early life (10--400 and \>400 μg/L) compared with \<10 μg/L in males (adjusted for more variables^a^)
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###### 

Results from multivariate logistic regression analysis of respiratory symptoms and arsenic exposure in early life (10--400 and \>400 μg/L) compared with \<10 μg/L never exposed in females (adjusted for more variables^a^)
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However, increased respiratory symptoms with arsenic exposure were not found in females. and in fact for many respiratory symptoms the odds ratios among females were \<1 in the highly exposed group (Table [3](#T3){ref-type="table"}).

Table [4](#T4){ref-type="table"} presents lung function test results analyzed by multiple linear regression. It displays the differences in two major pulmonary function parameters, FEV1 and FVC between the highly exposed group (\>400 µg/L) and the medium exposed group (10--400 µg/L), compared with the low exposure cohort with \<10 µg/L of arsenic in early life drinking water. We adjusted for age, height, weight, self and father's smoking status, and rooms in the house. The results showed decreased FEV1 in males in the high exposure group compared with those exposed to \<10 µg/L (−75 mL, 95% CI = −180.1, 30.2, *P* = 0.08) and FVC (−95 mL, 95% CI = −201.1, −11.0, *P* = 0.04). However, there was no reduction in the two lung function parameters in exposed females.

###### 

Results from multivariate linear regression analysis of lung function and arsenic exposure in early life (10--400 and \>400 µg/L) compared with \<10 µg/L
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Table [5](#T5){ref-type="table"} presents key findings we identified in published studies giving gender specific data on arsenic effects. There were gender differences for all five studies of chronic respiratory effects and six studies of arsenic-cause skin lesions with males showing greater effects. Finally, many studies now show that men do not metabolize arsenic as well as women. This is reflected in higher concentrations of highly toxic MMA in men compared with women as seen in the studies listed in Table [5](#T5){ref-type="table"}.

###### 

Findings from previously published studies with gender data on arsenic exposure and respiratory effects, skin lesions, and methylation efficiency of inorganic arsenic into MMA
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Discussion
==========

To our knowledge, this is the first study that has followed a cohort exposed to arsenic in early life to investigate the effects of in utero and early childhood exposure on respiratory effects in adolescents and young adults. Males with early life arsenic exposure (\>400 µg/L) were more likely to report various respiratory symptoms including dry cough, woken up due to shortness of breath and asthma. Reductions in FEV1 and FVC were observed in male subjects with high arsenic exposure compared with low arsenic exposure. However, these effects were not evident in females.

Long-term exposure to arsenic via drinking water has been implicated with chronic respiratory illnesses in several studies in adults.^[@R7]--[@R10],[@R17]^ A prospective study in Bangladesh showed an inverse dose--response relationship between arsenic and lung function parameters, FEV1, and FVC. Individuals in the highest baseline water arsenic category (\>97 µg/L) had a significant reduction in FEV1 and FVC of 80.6 and 97.3 mL, respectively.^[@R13]^ A study in India reported increased respiratory symptoms including impairment in lung function among those with long-term exposure to arsenic in drinking water and the effects were more pronounced in males compared with females. Men with arsenic induced skin lesions had a 256 mL (95 % CI = 114, 398.4; *P* \< 0.001) and 288 mL (95% CI = 134.9, 440.8; *P* \< 0.001) reduction in FEV1 and FVC, respectively.^[@R1]^ Findings from a study in Chile suggested that prenatal exposure to arsenic increases the risk of respiratory illnesses later in life.^[@R21]^ A recent study in Mexico has reported reduction in FVC in children following exposure to arsenic in utero and early childhood.^[@R49]^ Actually, we do not know of any study with enough participants having arsenic water concentrations above 50 µg/L that has not found chronic respiratory effects.

In our previous study of the same cohorts in Bangladesh at 7--17 years of age, we found strong associations between chronic respiratory symptoms, especially wheezing when not having a cold (OR = 8.41, 95% CI = 1.66, 42.6), and shortness of breath when walking fast or climbing (OR = 3.19, 95% CI = 1.22, 8.32), with prenatal exposure to arsenic of \>500 µg/L in drinking water, but there was little effect on lung function.^[@R28]^ Respiratory symptom effects at that time were evident for both boys and girls.

However, the present study found elevated risks of respiratory symptoms only among males while there was now no effect of early life arsenic exposure among females. Interestingly, we observed reduced lung function among the male participants which was absent in the cohort study when they were younger. Although these sex specific findings are somewhat surprising, many studies have reported gender differences in arsenic effects.^[@R50]^ Key studies and findings we identified concerning gender differences are presented in Table [5](#T5){ref-type="table"}. Pesola et al^[@R8]^ found the risk for dyspnea was greater among males compared with females. Parvez et al^[@R13]^ observed that arsenic exposure affected FEV1 only in men and the risk for reduced FVC was greater among males. Similarly, von Ehrenstein et al^[@R1]^ found increased respiratory symptoms in India and a marked decline in both FVC and FEV1 in arsenic exposed males, but not in females. Dauphine et al showed that early life arsenic exposure in Chile had a detrimental effect on lung function, especially FVC in adult males.^[@R21]^ Raqib et al found that the correlation between prenatal inorganic arsenic and acute respiratory infections was stronger in boys in comparison to girls.^[@R25]^

Gender variation has also been observed in arsenic-induced skin lesions with higher risks among males (Table [5](#T5){ref-type="table"}).^[@R1],[@R33]--[@R37]^ A study in Mexico reported that boys living in an arsenic-contaminated area scored poorly on various cognitive tests in comparison to girls living in the same area.^[@R51]^ Differences in arsenic effects between males and females may be due to sex differences in arsenic metabolism (Table [5](#T5){ref-type="table"}). Males are reported to have lower methylation capacity than females, so more arsenic is present in inorganic form or as MMA3, both of which are highly toxic.^[@R52],[@R39],[@R40]^ Although one might expect stronger findings in males than in females, we have no explanation for the sex-specific findings in this follow-up compared with our first study. It seems that the respiratory symptom effects in girls have largely disappeared, while boys continue to have symptoms and now also have evidence of reduced lung function. Further follow-up of these children, including urinary arsenic speciation, may help elucidate these puzzling observations.

The mechanisms by which arsenic causes chronic respiratory illness via drinking water are not well understood. Immune suppression is considered one of the possible ways. A review of published reports suggests that arsenic causes immune suppression by inducing apoptosis,^[@R53],[@R54]^ oxidative stress,^[@R55],[@R56]^ and inflammation.^[@R56],[@R57]^ Early life arsenic exposure through drinking water has been found to be associated with reduced size and function of the thymus leading to immune suppression and increase susceptibility to infection.^[@R25],[@R58]^ In vitro evidence suggests that arsenic alters the respiratory epithelial barrier and impairs wound repair through the upregulation of MMP-9 by pulmonary epithelial cells.^[@R59]^

One of the strengths of the current study is the individual assessment of drinking water arsenic exposure levels during prenatal life, and individual arsenic exposure assessment in childhood. A limitation of the study was that we did not take water samples from tube well sources that were used for \<6 months; which might affect exposure status to some extent. A more important limitation was that we are not able to separate effects of exposure in utero from exposure in early childhood. The reason for this is that the drinking water the mother used during pregnancy was mostly the same water as used by the child after birth. We therefore refer to "early life exposure" and not to "in utero" exposure in the title and elsewhere in the article. Another limitation was not having urine concentrations during pregnancy in addition to the water arsenic concentrations. However, with the wide distribution of water arsenic concentrations with a major contrast between high and low exposure, not having urine concentrations is not important. In addition, urine concentrations only measure arsenic exposure spanning a few days.

We were surprised that there is now no evidence of respiratory effects in girls. This suggests that with reductions in arsenic exposure, girls may recover from respiratory effects more rapidly than boys. Further follow-up of our cohort will show if respiratory effects persist in males and if females have permanently recovered from chronic respiratory effects resulting from early life exposure. We conclude by noting that there is extensive evidence that there are long-term effects resulting from early life exposure to arsenic so every effort should be made to reduce exposure especially in early life.

Conflicts of interest
=====================

The authors declare that they have no conflicts of interest with regard to the content of this report.

Acknowledgments
===============

International Centre for Diarrhoeal Disease Research, Bangladesh (icddr,b) and University of California, Berkeley, acknowledge with gratitude the commitment of US National Institutes of Health (NIH) for its research efforts. icddr,b is also grateful to the Governments of Bangladesh, Canada, Sweden, and the United Kingdom for providing core/unrestricted support. The authors are gratefully indebted to all participants of the present study. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the article.

Supplementary Material
======================

Supported by the National Institute of Environmental Health Sciences, US National Institutes of Health (RO1 ES021799 and P42ESO04705).

Supplemental digital content is available through direct URL citations in the HTML and PDF versions of this article.

Published online 6 March 2020
